Epigenetic modifications (e.g., DNA methylation or histone deacetylation) are commonly implicated in cancer chemoresistance. We previously showed that pretreating resistant MCF-7/ADR breast cancer cells with a demethylating agent (5-aza-2′-deoxycytidine (DAC)) or with an inhibitor of histone deacetylase (suberoylanilide hydroxamic acid (SAHA)) sensitized resistant cells to doxorubicin (DOX) treatment. However, even with increasing doses of DOX, a fraction of resistant cells remained nonresponsive to this pretreatment (~25% pretreated with DAC,~45% with SAHA). We hypothesized that pretreating resistant cells with a combination of epigenetic drugs (DAC + SAHA) could more effectively overcome drug resistance. We postulated that delivery of epigenetic drugs encapsulated in biodegradable nanogels (NGs) would further enhance their efficacy. MCF-7/ ADR cells were first treated with a single drug vs. a combination of epigenetic drugs, either as solutions or encapsulated in NGs, then subjected to DOX, either in solution or in NGs. Antiproliferative data showed that pretreatment with epigenetic drugs in NGs, then with DOX in NGs, was most effective in overcoming resistance; this treatment inhibited cell growth by > 90%, even at low doses of DOX. Cell cycle analysis showed that a major fraction of cells treated with a cocktail of epigenetic drugs + DOX, all in NG formulations, remained in the G2/M cell cycle arrest phase for a prolonged period. The mechanism of better efficacy of epigenetic drugs in NGs could be attributed to their sustained effect. A similar strategy could be developed for other cancer cells in which drug resistance is due to epigenetic modifications. 
Introduction
Aberrant epigenetic modifications, including DNA methylation, histone deacetylation, and nucleosome remodeling, are implicated in the development and progression of chemoresistance in most cancers [1] . These aberrations promote genomic instability and lead to silencing of tumor suppressor genes [2] . Further, epigenetic modifications cause reactivation of oncogenes and interference in growth regulatory and apoptotic pathways to maintain drug resistance [3, 4] . However, such epigenetic modifications are sometimes reversible. DNA methylation is promoted by DNA methyltransferase (DNMT) [5] , and hence, DNMT inhibitors (e.g., decitabine [DAC] ) can reverse the process of DNA methylation [6] . Similarly, inhibitors of histone deacetylase (HDAC; e.g., suberoylanilide hydroxamic acid [SAHA] ; generic name vorinostat) can reverse histone acetylation [3, 7] .
In our previous study, we showed that pretreatment of cells with DAC or SAHA sensitized resistant breast cancer cells (MCF-7/ADR) to subsequent treatment with DOX [3] . Despite strong synergistic effects of this combination treatment, we found that some resistant cells remained nonresponsive to treatment. Of cells receiving DAC pretreatment,~25% cells survived, whereas with SAHA pretreatment,~45% cells survived, despite increasingly higher doses of DOX [3] . These results suggest a heterogeneous epigenetic profile of the resistant cell population. Pretreatment with DAC alone may not reactivate the expression of genes silenced by chromatin compaction caused by histone modifications; similarly, pretreatment with SAHA alone may not reactivate genes silenced due to DNA hypermethylation. In addition, most anticancer drugs act via one or more pathways that become inactivated because of epigenetic modifications [8, 9] . Based on the above rationale, we hypothesized that pretreatment with a combination of epigenetic drugs (DAC + SAHA) could be more synergistic than pretreatment with a single epigenetic drug (DAC or SAHA alone) in overcoming chemoresistance. Because epigenetic drugs are highly unstable in aqueous conditions, we tested their efficacy by first encapsulating them into sustained release biodegradable nanogels (NGs). DOX was also encapsulated in NGs and evaluated for its efficacy, either alone and in combination with epigenetic drugs.
Materials and methods

Materials
DAC (5-aza-2′-deoxycytidine; generic name decitabine) and SAHA (generic name vorinostat), N-isopropylacrylamide (NIPAM), n-hexane, benzene, vinyl pyrrolidone (VP), sodium dodecyl sulfate (SDS), N,N′-cystamine bis-acrylamide (an S-S crosslinker), ammonium persulfate (APS), maleic anhydride, and dimethyl sulfoxide (DMSO) were purchased from SigmaAldrich (St. Louis, MO). Poly(ethylene glycol) (PEG; MW5 000) was purchased from Polysciences, Inc. (Warrington, PA). Doxorubicin HCl (DOX) was purchased from Drug Source Co. LLC (subsidiary of Celgene Corp.; Westchester, IL). Cell culture media, Dulbecco's phosphate-buffered saline (DPBS), penicillin, and streptomycin were purchased from the Central Cell Services Media Laboratory at our institution. The CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased from Promega (Madison, WI). All organic solvents used were of high-performance liquid chromatography (HPLC) grade. HPLC columns and guard columns were purchased from Waters Corp. (Milford, MA).
Cell culture DOX-resistant MCF-7/ADR cells were maintained in Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine serum (Gibco BRL, Grand Island, NY) and 100 μg/mL penicillin G and 100 μg/mL streptomycin and 100 ng/mL of DOX (to maintain resistance). Prior to any experiment, MCF-7/ADR cells were maintained in drug-free media for two passages. MCF-7 (DOX-sensitive) cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics. Cells were cultured in an incubator maintained at 37°C in a humidified and 5% CO 2 atmosphere. Culture conditions for resistant and sensitive cells were optimized for proper growth.
NG synthesis
NGs were synthesized as described in our previous study [10] . Briefly, NIPAM and VP were purified just before polymerization. NIPAM was purified by recrystallization from n-hexane/ benzene (1:3, v/v). VP was distilled just before polymerization. All other chemicals such as N,N′-cystamine-bis-acrylamide (S-S cross linker), SDS, and APS were used without further purification. Pegylated maleic anhydride was prepared by reacting an equimolar ratio of poly(ethylene glycol) (MW5 000) and maleic anhydride at an elevated temperature, as reported elsewhere [11] .
To prepare a batch of 1 g NGs, typically 700 mg NIPAM, 200 mg SDS, 200 mg VP, and 100 mg PEG-maleic anhydride were dissolved in 100 mL Milli-Q® water (Millipore Corp., Bedford, MA), and the polymerization was conducted in a three-necked flask under nitrogen flow at 70°C for 6 h. The S-S crosslinker (60 mg in 2 mL methanol) followed by APS (80 mg in 5 mL Milli-Q water) was added to initiate the reaction. The reaction was continued, as noted above, for 6 h at 70°C to form NGs. The reaction mixture was dialyzed against Milli-Q water (2 L) using Spectra/Por® dialysis tubing (MW cutoff, 12 kD; Spectrum® [Repligen], Laguna Hills, CA) for 2 weeks by changing water every day. The suspension of NGs collected from the dialysis tubing was lyophilized for 48 h at − 55°C, 3.5 Pa, using FreeZone 4.5 (Labconco Corp., Kansas City, MO) to obtain a dry powder.
Drug loading into NGs
A suspension of NGs was prepared by adding 6 mL of Milli-Q water to 30 mg of lyophilized NGs in a 14.8-mL clean glass vial (Fisher Scientific, Pittsburgh, PA). The content was stirred slowly on a magnetic stir plate at room temperature until NGs formed a dispersion.
Methods for loading of each drug were optimized. For DAC loading, to an NG dispersion (30 mg/6 mL), DAC solution prepared in DMSO (300 μL, 8.1 mg/mL) was added dropwise, the vial cap was closed, and the dispersion was stirred for 3 h on a magnetic stirrer plate at 1200 rpm in a cold room maintained at 4°C. This stirring in the cold room was carried out because of the instability of DAC at room temperature. For SAHA loading, to a NG dispersion (40 mg/8 mL) which was pre-chilled by keeping it in − 20°C for 5 min, a solution of SAHA (400 μL, 10 mg/mL in DMSO) was added; then, prechilled methanol (1600 μL) was added dropwise over 30 min. The addition of methanol was shown to increase SAHA loading in NGs. The drug-NG suspension was stirred on a magnetic stirrer at 1200 rpm with the vial cap closed for 4 h in a cold room. The vial was uncapped, and the drug-NG suspension was further stirred under a fume hood (air flow ratẽ 200 fpm) as above for an additional 2 h to evaporate the methanol. For DOX loading, to the NG dispersion (5 mg/ mL, 8 mL Milli-Q water), 400 μL of DOX solution (10 mg/ mL in DMSO) was added dropwise, and the DOX-NG suspension was stirred at 1200 rpm for 4 h in a glass vial with the cap closed. Following stirring, in each case, the NG dispersion was dialyzed in a cold room against Milli-Q water in dialysis tubing (MW cutoff, 12 kD, Spectrum®) for 1 h (4 h dialysis for SAHA) to remove any free drug. The content of the dialysis tubing was lyophilized as above and stored at − 20°C until used.
While loading, drug is dissolved in DMSO and added dropwise with stirring to NG suspension in water. In case of SAHA, DMSO and methanol are used as it is more soluble in the combination. DMSO or DMSO + methanol allows NGs to swell, allowing drug to diffuse into NGs and bind to polymer network via hydrophobic interaction. When DMSO is dialyzed out rapidly (methanol is evaporated in case of SAHA), bound drug is retained inside NGs.
Analysis of drug loading into NGs
To a borosilicate glass vial containing drug-loaded NGs, methanol (~1 mg NG/2 mL methanol) was added and stirred at 100 rpm on a magnetic stirrer in a cold room overnight (12-14 h ). The samples were centrifuged at 14,000 rpm (Eppendorf 5417 R, Hauppauge, NY) for 10 min at 4°C, and the supernatants were analyzed by HPLC (Shimadzu Scientific Instruments, Inc., Columbia, MD). The HPLC conditions were as follows:
For DAC analysis: column: C18 reversed-phase column, dimension: 4.6 × 250 mm; porosity 5 μm (Atlantis T3 Waters Corp., Milford, MA); mobile phase: sterile degassed methanol/water (60:40, v/v); injection volume, 25 μL; flow rate, 1.2 mL/min, isocratic elution mode for 6 min, wavelength − 228 nm, by ultraviolet detector; standard plot, 0-200 μg/mL. For SAHA analysis: column: C18 reversed-phase column (dimension 2.1 × 50 mm; porosity 3.5 μm); mobile phase, 25% acetonitrile; 75% water in the presence of 0.1% triethylamine, pH = 3. adjusted with orthophosphoric acid. Injection volume, 5 μL; flow rate, 0.35 mL/min, isocratic elution mode for 6 min. The drug was detected at 260 nm using an ultraviolet detector. Standard plot, 0.97-500 μg/mL. For DOX analysis: column: Nova-Pak C8 column (Waters; dimension: 2.1 × 150 mm, porosity 4 μm); mobile phase, 25% acetonitrile; 75% water in the presence of 0.1% triethylamine pH -3 adjusted with orthophosphoric acid. Injection volume, 20 μL; flow rate, 1.0 mL/min, isocratic elution mode for 6 min. Detector: fluorescence detector wavelength 480-560 nm (fluorescence gain 4). Standard plot, 0-160 ng/mL.
Physical characterization of NGs
Briefly, each lyophilized NG sample (5 mg/mL) was dispersed in Milli-Q water and then diluted to 1:100 v/v in Milli-Q water prior to size determination. The hydrodynamic diameter of NGs pre-and post-loading with drug was measured in water by dynamic light scattering at a scattering angle of 90°at 25°C using the NICOMP™ 380 ZLS (Particle Sizing Systems, Santa Barbara, CA). The undiluted NG suspension was used to measure the zeta potential in the phase-analysis mode and the current mode at a scattering angle of − 14°.
DOX release from NGs
DOX release from NGs in vitro was carried out in double diffusion chambers separated by a Millipore® hydrophilic membrane of 0.05 μm porosity. Each donor chamber was filled with 2.5 mL of NG suspension in a mannitol citrate buffer (recipe: Milli-Q water, 500 mL; D-mannitol, 30.65 g; and sodium citrate tribasic dihydrate, 195 mg; pH 7.4) containing 0.1% (w/v) Tween-80 (Sigma); the receiver chamber contained the buffer without NGs. Diffusion cells were placed on an Environ orbital shaker (LabLine, Melrose Park, IL) rotating at 100 rpm at 37°C. Diffusion cells were covered with an aluminum foil to prevent DOX degradation due to exposure to light. At several predetermined time intervals, the entire content of each receiver chamber was removed and replaced with fresh buffer. The contents of the receiver chambers at each time point were collected and lyophilized (as stated under the NG synthesis section above). Under the same condition, transport of DOX in solution was carried out to ensure that the membrane placed between the donor and receiver chambers is not a transport barrier. After the transport experiment, total DOX recovered was measured to determine if there is any loss of DOX due to its binding to diffusion cells or membrane. It has to be noted that the release study was carried out in a buffer (no DMSO or methanol was used); hence, the conditions used for drug loading and release study are different. DOX from the release study was extracted with methanol and quantified by HPLC using the protocol described above. A standard plot of DOX in solution (0-2 μg/ mL; R 2 = 0.993) was prepared under identical conditions, i.e., by dissolving the drug in Tween-80 solution, lyophilizing the samples, and extracting the drug as detailed above. The release of DAC or SAHA could not be carried out because of their instability in an aqueous medium at 37°C.
Antiproliferative effect of treatments
The synergistic effects of the combination of epigenetic drugs (SAHA + DAC) or the combination of epigenetic drugs with DOX were assessed using an in vitro cytotoxicity (MTS) assay of both drug-resistant and drug-sensitive breast cancer cells. Drug solutions and dispersions of drug-loaded NGs were prepared as follows: DAC solution (8.1 mg/mL in DMSO), SAHA solution (10 mg/mL in DMSO), or DOX solution (3.8 mg/mL in ethanol: Milli-Q water; 2:1, v/v). The dispersions of drug-loaded NGs were prepared at 5 mg/mL in cell culture medium. Prior to treatment, the stock drug solutions or NG dispersions were mixed in cell culture medium to achieve the desired doses. Controls were either medium without drug or medium containing empty NGs.
Prior to evaluating the effects of different treatments, half maximal inhibitory concentration (IC 50 ) values of each epigenetic drug and DOX either in solutions or in the respective NG formulations were assessed at 5 or 10 days posttreatment. Briefly, resistant cells in logarithmic growth phase were seeded at a density of 3000 cells/0.1 mL/well in 96-well flat-bottom plates (Microtest, Becton Dickinson Labware, Franklin Lakes, NJ) and were allowed to adhere overnight prior to treatments. Cell culture media from wells were replaced with the media containing either drug(s) in solution or in NGs and allowed to culture for 72 h in a cell culture incubator maintained at 37°C in a humidified 5% CO 2 atmosphere. The cells were then washed with 1 × DPBS, and the medium in the plates was replaced with drug-free medium every 48 h until the endpoint (5 or 10 days). Cell viability was assessed using a standard MTS assay according to manufacturer's instructions. Prior to adding CellTiter 96® AQueous One Solution Reagent (MTS reagent), cell culture media in the plate was replaced with fresh media (0.1 mL) and incubated for 1 h to equilibrate; then, 20 μL/well of MTS reagent was added, the plates were incubated for 2 h at 37°C, and the color intensity was measured at 490 nm using a plate reader (BioTek Instruments, Inc., Winooski, VT). Cell viability was calculated as the percentage of treated cells' growth vs. growth of the respective controls. For cell viability analyzed at 10 days posttreatment, cells were seeded at a lower cell density (1500 cells/0.1 mL/ well) than for a 5-day treatment protocol to avoid overconfluency in untreated groups. Apart from this adjustment, all other procedures followed were the same for the cell viability analysis at both time points.
The antiproliferative effects of the treatments were calculated as the percentage of treated cells' growth vs. growth of control cells that had received no drug treatment, using the following equation:
where x = drug concentration, y = % cell growth as determined by MTS assay, A 1 = % growth on the top plateau region of the growth curve, A 2 = % growth at the bottom plateau region of the curve, x 0 = inflection point of the curve, and p = slope. The data points were fit to this equation using OriginPro 8 (OriginLab Corp., Northampton, MA). IC 50 was determined by using y = 50 in the above equation and calculating x using the parameters obtained after curve fitting. Similarly, IC 75 and IC 90 were calculated using y = 75 or 90.
Sequential or simultaneous treatment
Half of the IC 50 dose as determined above for DAC or SAHA was considered a nontoxic dose because at this dose, there is insignificant cell death. For sequential treatment with the combination SAHA + DAC either in solution or in NGs, cells were exposed to a fixed nontoxic dose of SAHA (100 ng/mL; half the IC 50 dose) for 24 h prior to exposing them to varying doses of DAC for 48 h. For simultaneous treatment, a fixed nontoxic dose of SAHA (100 ng/mL) and varying doses of DAC were mixed in 0.1 mL cell culture medium and added to the wells at the same time. For all other combinations containing DOX, a fixed nontoxic dose of SAHA (100 ng/mL) and/or DAC (50 ng/mL; half the IC 50 dose) was added 24 h before adding varying doses of DOX. Cell seeding density and the protocol followed were identical to those mentioned above. Synergism/ antagonism of the drug combinations were analyzed by CalcuSyn 3.0 software (BIOSOFT, Cambridge, UK), based on the analytical method of Chou and Talalay [12] .
Cell cycle analysis
To understand the antiproliferative efficacy of the combination treatments, cells were analyzed for cell cycle analysis at 1, 3, 5, or 8 days posttreatment, as described previously [10] . Briefly, 1 × 10 6 cells were seeded in a 100-mm-diameter cell culture dish (Becton Dickinson, San Jose, CA). For 8-day treatment, the initial cell seeding was 0.5 × 10 6 cells. Cells were allowed to attach for 24 h prior to treatment. At different time points post treatment, cells were harvested by trypsinization and centrifuged at 1300 rpm for 3 min at 4°C (Sorvall Legend RT centrifuge, Thermo Electron Corp., Waltham, MA). The supernatant was decanted, the cell pellet was washed twice with ice-cold 1 × DPBS (pH 7.4), and then, the pellet was resuspended in a solution (12.5 mg propidium iodide [Promega, Madison, WI], 250 mg sodium-citrate, and 250 μL Triton™ X-100 in 250 mL of water). The cells in the propidium iodide solution were then incubated for 2 h in the dark in a cold room and then analyzed by flow cytometry (FACScan flow cytometer, BD Biosciences, San Jose, CA). ModFit LT software (Verity Software House, Inc., Topsham, ME) was used for data analysis.
Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM). Statistical analyses were performed using Student's t test. Differences were considered significant for p < 0.05.
Results
Characterization of NGs
Hydrodynamic diameters of different formulations of NGs ranged from 228 to 293 nm, with loaded drug marginally influencing their physical characteristics. The polydispersity index of NGs increased following drug loading but remained within an acceptable range (0.1-0.2) to be considered uniformly dispersed. All NG formulations demonstrated negative zeta potentials; however, drug-encapsulated NGs showed slightly reduced negative zeta potentials compared with empty NGs. Depending on the drug, the encapsulation efficiency and hence the drug loading in NGs also varied slightly (Table 1) .
Synergistic effects of SAHA and DAC
The dose-response study at 5 days posttreatment showed that DAC in solution exerted greater antiproliferative effects than did SAHA in solution ( Fig. 1a ; Table 2 ). The sequential and simultaneous treatment of both epigenetic drugs in combination had identical effects either when the cells were treated with solution or with NGs (Fig. 1) . Based on IC 50 values, the epigenetic drug combination showed a stronger antiproliferative effect in NGs than in solution at 5 days posttreatment (11 ng/mL in NG vs. 32 ng/mL in solution; Table 2 ). The 10-day study showed that the DAC in NGs had a significantly greater antiproliferative effect than DAC in solution, as evident from their respective IC 50 values (3 vs. 887 ng/mL; p < 0.05, Table 2 ). Similar improved efficacy was seen when SAHA alone was delivered in NGs (Table 2) . Further, the effects of epigenetic drugs in NGs were sustained much longer than drugs in solution (Fig. 2b) . Although the effects of the combination of DAC + SAHA were synergistic in solution, such synergistic effects were seen at lower doses when used in NGs ( Fig. 2c; Table 2 ).
Cytotoxicity of DOX-NGs
DOX release from NGs was sustained for a prolonged time, with~60% of the encapsulated cumulative drug release occurring in the first 9 days and 80% cumulative release in 12 days (Fig. 3a) . Complete transport of DOX from donor to receiver chamber occurred within 24 h. Since the DOX release study from NGs was carried over few weeks and shows sustained drug release, we consider that the membrane is not a limiting factor in the transport process (Fig. 3a) . Further, while calculating the cumulative release, we considered the amount of the drug left in the donor chamber for each time. The release never reached 100%, possibly due to partial degradation of DOX in an aqueous condition at 37°C. We also determined that~4% loss occurs due to DOX binding to diffusion cells and membrane which may also be contributing to the incomplete release value noted above. In a doseresponse study, DOX in NGs was seen to be more effective in causing cytotoxicity than DOX in solution (Fig. 3b) , and the drug effects in NGs were more sustained than drug in solution (Fig. 3c) . Although DOX alone in NGs was effective in achieving IC 50 , it was not effective in achieving IC 75 or IC 90 in a 10-day treatment study, even at the highest drug dose (10,000 ng/mL) used in this study (Table 3) .
Efficacy of a cocktail of drugs
Pretreatment with a combination of epigenetic drugs (DAC [50 ng/mL] + SAHA [100 ng/mL]) in solution reduced the IC 50 of DOX when used as solutions in 5-and 10-day treatment Data as mean ± SEM; n = 2 for DOX and SAHA; n = 4 for DAC DLS dynamic light scattering, PI polydispersity index studies (Table 3) ; however, the treatment required high doses of DOX to achieve IC 75 and was not able to achieve IC 90 . Furthermore, the effects of DOX in solution in combination treatment were not sustained (Table 3 ). In contrast, pretreatment with both epigenetic drugs in NGs followed by treatment with DOX in NGs was not only effective in achieving IC 90 but this antiproliferative effect was sustained; the treatment continued to show lower IC 90 values for 5-and 10-day treatments compared with all other treatments (Table 3) . (Fig. 4a) . The effects of DAC, including the combination of drugs, was sustained when the agents were delivered in NGs because a greater fraction of cells remained in the G2/M arrest phase than when treated with the respective drug or drug combination in solution (Fig. 4a vs. b) . The effects of DAC alone in NGs declined over time, but the effects of the combination of DAC + SAHA or the cocktail of all three drugs in NGs was sustained (Fig. 4b) . The difference between the cells treated with drugs in solution and in NG formulations is clearly evident from the 8-day cell cycle analysis data (Fig. 4c) .
Cell cycle analysis
Effects in sensitive breast Cancer cells
Although sensitive cells respond better to the drug cocktail delivered in NGs than DOX alone in NGs, the improvement was marginal compared to that seen in resistant cells (Fig. 5 ).
Discussion
It is now well recognized that tumor cell populations are quite heterogeneous in nature [13] , and hence, monotherapy may not be effective in completely regressing tumor growth or in preventing tumors from developing drug resistance and relapsing [14] . Genetic and epigenetic variations in the cell population are implicated in the differential effects of anticancer therapy; this variability remains a major challenge in developing effective chemotherapy for cancer [15] . Aberrant epigenetic modifications in cancer cell populations could be inherent or acquired following chemotherapy [16] . It is known that epigenetic changes could influence interactions of cancer chemotherapeutic agents with different cellular targets, drug transport and efflux, drug metabolism, apoptotic pathways, etc. [17] . Thus, these epigenetic changes are considered one of the key mechanisms of cancer drug resistance [17, 18] . Epigenetic changes can be of different types (e.g., DNA methylation and chromatin modifications [19] ), and hence, a single epigenetic drug, acting via a single mechanism, may not be effective in completely reversing epigenetic modifications responsible for drug resistance. The data from the present study clearly show that the combination of epigenetic drugs was more effective in sensitizing resistant cells to the anticancer effects of DOX than a single epigenetic drug could be ( Table 2) .
Several major hurdles are encountered when exploring epigenetic drugs as potential anticancer agents: the drugs' own stability, their specificity in relation to the cell cycle, and the effect of epigenetic drugs on cell membrane lipids. Epigenetic drugs, particularly DAC and SAHA, are highly unstable in aqueous conditions (half-life of DAC in culture medium, 17.5 h [20] ; of SAHA in buffers, < 24 h); thus, their longterm efficacy is limited [21, 22] . Prior studies have also shown the transient reexpression of methylation-silenced genes (such as p16, melanoma-associated antigen 1 [MAGE-A1], and MutL homolog 1, colon cancer, nonpolyposis type 2 [E. coli][MLH1]) posttreatment with DAC in solution, even in the presence of histone deacetylase inhibitors [23] [24] [25] . Previously, we have demonstrated that encapsulating epigenetic drugs in NGs is more effective than delivering drugs in solution, particularly in the context of a long-term antiproliferative study [10] . In this study, compared to 5-day antiproliferative effects, the 10-day data with the combination of the epigenetic drugs DAC + SAHA in NGs showed greater antiproliferative effects than the same drug combination in solution ( Table 2 ). The prolonged effects of the drug combination are also evident from cell cycle analysis data, which showed a greater percent of cells remaining in the cell cycle arrest phase when treated with drugs in NG than drugs in solution (Fig. 4) . Even the epigenetic drugs alone loaded in NGs (without DOX treatment) were found to be effective in sustaining the cell cycle arrest phase. Previously, we showed that DAC delivered in NGs to MCF-7/ADR cells was effective in depleting DNMT1, an enzyme responsible for DNA methylation, for a sustained period, whereas DAC in solution produced only transient effects [10] . Sustained delivery of DAC in NGs also yielded greater antiproliferative effects not only in MCF-7/ADR cells but also in DAC-resistant melanoma and leukemia cells [10] . A second issue is that epigenetic drugs are mostly Sphase specific, so their transient effects in solution may occur because not all cells are at S-phase at the time of treatment, and over time there may not be enough drug left in the culture medium (due to their rapid degradation) to cause antiproliferative effects [10] . Therefore, not all treated cells or slowly dividing cells are affected by epigenetic drug treatment. Further, it appears that the use of NGs improves drug delivery to cells. For example, DOX delivered in NGs produced greater antiproliferative effects than DOX in solution (Fig. 3b, c) . The combination treatment in NGs not only prolonged the antiproliferative effects but achieved IC 90 at a comparatively low dose of DOX (Table 3) . Giving lower doses of DOX in the combination treatment can reduce the drug's toxic effects. Thus, there could be several mechanisms via which the cocktail of epigenetic drugs and DOX in NGs might achieve the goal of overcoming drug resistance. Interestingly, we have recently shown a link between epigenetic changes and membrane lipid composition [26] . MCF-7/ADR cells have been shown to have an unexpected membrane lipid profile, making the membrane more rigid than the lipid membranes of sensitive MCF-7 cells, thus impeding drug transport and endocytic function [26] . The treatment of resistant cells with DAC partially reversed this lipid profile, but the effects of DAC in NGs were more pronounced and sustained [27] . Thus, it is quite possible that the sustained NGmediated delivery of epigenetic drugs or combinations of drugs regained endocytotic function, thus resulting in more effective delivery to cells of DOX in NGs and hence the greater cytotoxicity with pretreatment than without pretreatment with epigenetic drugs. More importantly, the cocktail/ combination treatment delivered in NGs can achieve IC 90 , which a single epigenetic drug pretreatment cannot achieve. Furthermore, NG-mediated delivery of epigenetic drugs could potentially show better efficacy in an in vivo study because of the unstable nature of DAC and SAHA in serum due to the activity of cytidine deaminase and uridine 5′-diphosphateglucuronosyltransferases in the liver [28, 29] . NGs can potentially stabilize the epigenetic drugs and also reduce the likelihood of their too-early clearance. NGs have the advantage as all the three drugs used in this study could be encapsulated in preformed NGs under optimized condition (Table 1) , thus not requiring to develop different nanocarrier formulations for each drug.
Epigenetic drugs can reactivate silenced tumor suppressor genes. Previously, we have shown that DAC treatment activated the expression of p21, which is responsible for cell cycle arrest [3] . In this study, we observed that epigenetic drugs, particularly in NGs, kept the cells in the G2/M arrest phase for a sustained period of time. Although SAHA alone seemed to have no effect on cell cycle arrest, SAHA + DAC increased the percentage of cells in the G2/M arrest phase (Fig. 4) . Earlier studies have shown that the addition of SAHA further increases the demethylating activity of DAC, and hence, its effects are not due to gene methylation but due to increased access of the transcription factors to the demethylated genes as a result of increased levels of histone acetylation and the consequent chromatin remodeling [23] . As a result, DOX could have better access to DNA for intercalation when the cells are pretreated with epigenetic drugs than with DOX alone. Although not determined in this study, there could be other two potential mechanisms for greater efficacy with the cocktail drugs in NGs: (a) cells remaining in G2/M cell cycle phase for a prolonged period are prone to apoptosis [30] and (b) there could greater accumulation of topoisomerase IIα inside cells during G2/M cell cycle phase [31] that DOX utilizes to induce DNA damage [32, 33] . Thus, there is could be multiple but complementary mechanisms via which cocktail of epigenetic drugs and DOX in sustained release NGs can overcome drug resistance. 
Concluding remarks
The results of the present study show that the combination of epigenetic drugs acts synergistically to overcome DOX drug resistance in breast cancer cells. The effects of the combination are more pronounced when the drugs are encapsulated in NGs. The improved efficacy with NG-mediated delivery could be due to a combination of factors, including greater stability of drugs, better cellular uptake, and the greater sustained effects of drugs in NGs than drugs in solution. The results of the study signify that a cocktail of drugs acting via different pathways may be required in a sustained release formulation to overcome drug resistance. Further studies evaluating the efficacy of the combination of epigenetic drugs and chemotherapy in different drug-resistant cell lines are needed to generalize the concept. However, our study outlines a strategy for how to evaluate and determine optimal drug combinations for treatment.
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